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Abstract. We present here results of our first principles studies of the sulfur doping effects on 
the electronic and geometric structures of graphitic carbon nitride (g-C3N4). Using the Ab initio 
thermodynamics approach combined with some kinetic analysis, we reveal the favorable  S-
doping configurations  By analyzing the valence charge densities of the doped and un-doped 
systems, we find that sulfur partially donates its px- and py- electrons to the system with some 
back donation to the S pz-states. To obtain accurate description of the excited electronic states, 
we calculate the electronic structure of the systems using the GW method. The band gap width 
calculated for g-C3N4 is found to be equal to 2.7 eV that is in agreement with experiment. We 
find the S doping to cause a significant narrowing the gap. Furthermore, the electronic states just 
above the gap become occupied upon doping that makes the material a conductor. Analysis of 
the projected local densities of states provides insight into the mechanism underlying such 
dramatic changes in the electronic structure of g-C3N4 upon the S doping. Based on our results, 
we propose a possible explanation for the S doping effect on the photo-catalytic properties of g-
C3N4 observed in the experiments.      
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I. INTRODUCTION 
Photocatalytic splitting of water is a promising means for clean production of hydrogen 
from a renewable source. Various materials have been tested as photocatalysts since Fujishima 
and Honda [1] first reported the photo-electro-chemical water splitting. There is a number of 
highly active and stable photocatalysts, such as TiO2 and some other metal oxides. However, due 
to a wide band gap, they are responsive only to the ultra-violet (UV) range of the spectrum, 
while the fraction of the UV light in the incoming solar irradiation is only about 4%. Therefore, 
considerable effort has been made in searching for new stable materials which are 
photocatalytically active under visible light irradiation [2-5].     
It has been recently shown that the graphitic carbon nitrides (g-C3N4) exhibit promising 
photocatalytic properties [6]. Indeed, these metal free materials have a band gap of 2.7 eV with 
the H+/H2 reduction and O2/H2O oxidation potentials situated within the gap. Furthermore, the 
materials are very stable (g-C3N4 is the most stable allotrope of carbon nitrides at ambient 
conditions [7]) and consist of abundant elements. The pristine g-C3N4 catalyzes the H2 or O2 
evolution from water with a sacrificial electron donor or acceptor, respectively, while loading 
with a small amount of co-catalysts (Pt [8] or Ag [9], for example) enhances hydrogen 
production rate that is traced to improved carrier separation.  
Photocatalytic activity of g-C3N4, however, is still rather low, mostly, for the following 
reasons: a) the band gap is too wide to efficiently utilize the solar irradiation; b) carrier mobility 
is restricted due to absence of interlayer hybridization of the electronic states; c) the top of the 
valence band (VB) is not sufficiently lower than the O2/H2O oxidation potential, that may not be 
favorable for water oxidation [6]. This is thus not surprising that significant effort has been made 
to improve these properties by changing composition of the materials, in particular, by doping 
[10]. It has been reported that doping with B [11], P [12], Zn[13], and S [14,15] causes 
significant changes in optical properties and photocatalytic activity of g-C3N4. For example, the 
photoreactivity of g-C3N4 toward H2 evolution is found to increase by 7 – 8 times upon sulfur 
doping [14]. The density functional theory (DFT) [16,17] based calculations performed in that 
work brought the authors to the conclusion that substitution of the nitrogen atom at the edge of 
the tri-s-triazine units with sulfur is an energetically favorable scenario for the doping. However, 
the authors analyzed only two possible doping configurations within a simplified total energy 
consideration. In Ref. 15, sulfur was used only to mediate synthesis of g-C3N4. Nevertheless, the 
author found that sulfur-containing samples have much higher rates of the H2 and O2 evolution 
than the pristine g-C3N4. These works show that doping is a promising means for improving 
photocatalytic activity of g-C3N4. However, it is also clear that rational modification of the 
properties of g-C3N4 by doping is possible only based on understanding of microscopic 
mechanisms underlying the doping effects on the properties of interest of g-C3N4. In this work, 
we make a step toward this understanding by performing systematic computational studies of the 
electronic and geometric structure of the clean and S doped g-C3N4.    
 
II. COMPUTATIONAL DETAILS  
All calculations have been performed in this work using the VASP5.2.11 code [18] with 
projector augmented wave potentials [19] and the plane wave expansion for wave functions [20]. 
The lattice parameters, stacking, structural optimization, energetics of doping and valence 
electron charge densities have been calculated within the Perdew-Burke-Ernzerhof (PBE) 
version of the generalized gradient approximation (GGA) for the exchange and correlation 
functional [21]. The cutoff energy of 750 eV was used for the plane wave expansion of wave 
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functions.  To take into account the van der Waals interaction, which essentially determines the 
interlayer binding in g-C3N4, we added to the DFT part a semi-empirical dispersion potential 
proposed by Grimme [22].   
In order to obtain accurate description of excited electronic states and band gap width we 
calculated the densities of electronic states of the systems under consideration using the GW 
method [23], as implemented in VASP5.2.11 [24,25]. The self-energy was evaluated through 
dynamical screening of interaction with the frequency-dependent dielectric matrix, where the 
latter was calculated within the random phase approximation. The core – valence electron 
interaction was treated at the Hartree-Fock level. We found that the one-iteration G0W0 
approximation, in which both Green’s function and screened interaction calculated with the self-
consistent DFT wave functions, provides the band gap width in agreement with experiment. 
These results were obtained with the cutoff energy for the response function of 90 eV. We found 
that increase in the cutoff to 150 eV practically does not change the density of electronic states. 
The dielectric matrix and Green’s function were calculated using 140 bands including 76 
unoccupied bands. Increase in the number of bands to 150 did not change results noticeably.    
 All calculations have been performed for the hexagonal structures with AB staking, for 
which a g-C3N4 unit cell included two planes populated with 28 atoms (C12N16). For such a large 
unit cell, the (5x5x5) k-point samplings in Brillouin zone used in this work provided sufficient 
accuracy for the characteristics obtained by integration in the reciprocal space. While performing 
the structural optimization of the systems, we considered the lattice relaxation to be achieved, as 
forces acting on atoms did not exceed 0.015 eV/Å.  
The geometric structures of the systems and valence charge densities shown in this article 
were plotted using the Xcrysden software [26]. 
 
III. RESULTS AND DISCUSSION 
 
A. Electronic and geometric structures of g-C3N4 
First we have obtained the optimized lattice constants and staking of non-doped g-C3N4. 
The calculated in-plane lattice constant of this hexagonal structure is found to be a = 7.14 Å that 
is almost exactly equal to the experimental size of the tri-s-triazine unit (7.13 Å [6]), while the 
calculated c = 6.15 Å is 5.4% smaller than the experimental value [10]. The source of this error 
is a simple semi-empirical approximation for the van der Waals forces which determine the inter-
plane distance.  It is important to note, however, that, as we will show, significant changes in c 
result in a negligible effect on the electronic structure of the system, because the electronic 
structure of g-C3N4 is determined by a strong in-plane C – N covalent bonding, while the weak 
inter-plane van der Waals coupling does not cause any noticeable inter-plane hybridization of the 
electronic states.  
To obtain the preferred staking geometry we calculated the total energy for six possible 
structures with different relative shifts between A and B planes. We have found the structure 
shown in Fig. 1 to have the lowest energy. In this configuration only unlike atoms (C and N) in 
different planes are situated against each other (have the same in-plane coordinates) that may 
lead to a reduced inter-plane electrostatic repulsion. It is worth mentioning that there are other 
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As expected, the charge redistribution has symmetry typical for the sp2 hybridization. The 
vertical (xz, yz) δρ(r) cuts (not shown here) suggest that population of the pz-orbitals of both C 
and N decreases upon chemical bonding. The less intensive red “bridges” between the N1 atom 
and neighboring C atoms seen in the figure suggest that N1 is bound to the lattice weaker than 
the other nitrogen atoms. One can also see in the figure two red lobes directed from the atoms N2 
and N3 toward the large triangular hollow. This is an important finding, because these lobes 
represent the nitrogen dangling bonds that make these N sites more reactive than the other sites 
in the structure. One thus may expect that these lobes make a “trap” for dopant atoms. To test 
this hypothesis, however, we need to calculate the energetics of doping.  
 
B. Mechanism of doping of g-C3N4 with sulfur 
 
 To model the doping of g-C3N4 with sulfur, we considered substitutions of N1, N2, N4 
and C with S, as well as addition of S to the structure by binding it to the reactive N2 and N3 
sites. The calculations were performed for one S atom per unit cell. This corresponds to ~3.5 at% 
sulfur concentration, which is about five times larger than that reported in the experiment [15]. 
However, as we will see, the interaction between S atoms and its effect on the electronic 
structure is still negligible for this concentration. For all calculations, the atomic positions have 
been optimized upon the doping, while the lattice vectors were kept as for the undoped system 
considering that the low dopant concentration does not affect the lattice constants noticeably. It 
is worth mentioning that S is a much larger atom than N or C. Therefore, we found that, for the 
optimized (relaxed) structures, substitution of N or C with S caused a significant lattice 
distortion, while, in the case of addition of S to the lattice, the structure kept a planar geometry.    
In order to evaluate possible structures of g-C3N4 doped with sulfur from point of view of 
thermodynamics, we calculated the formation energy for all possible configurations of 
substitution N and C with sulfur, as well as formation energy for the S adsorption to the N 
dangling bonds revealed in the previous section. The formation energy for the S doping of g-
C3N4 is defined using a standard methodology: 
Eform = Etot(S:C3N4) – Etot(C3N4) – μ(S) + μ(X).      (2)     
Here Etot(S:C3N4) is the calculated total energy of the doped system, Etot(C3N4) is the total energy 
calculated for pure g-C3N4, μ(S) and μ(X) denote chemical potential of sulfur and the substituted 
atom, respectively, X = N or C. We obtain Eform for both C-rich and N-rich conditions. For the C-
rich condition, C is considered to be in equilibrium with the bulk graphite. Then μ(N) is 
determined as  
     μ(N) + μ(C) = μ(C3N4),      (3) 
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where μ(C3N4) is approximated by the total energy per formula unit. For the N-rich condition, g-
C3N4 is assumed to be in equilibrium with gaseous N2 and we can set μ(N)=½μ(N2) and  μ(C) is 
obtained using Eq. 3. The chemical potential of S is calculated for the condition of equilibrium 
with the rhombic bulk sulfur. We obtain the chemical potentials of C, N, and S for T = 0 K and 
room temperature (T = 298K) using data on the enthalpy of formation and entropy listed in Ref. 
[27]. For room temperature, we neglect entropic contribution of g-C3N4 assuming it to be very 
small (for example, for similar material graphite, TS = 0.06 eV [27]).  
 
Table 1 Formation energies (eV) calculated for different doping configurations 
 Sad S ↔ C S ↔ N1 S ↔ N2 S ↔ N4 
N-rich, T=0 1.690 1.546 3.059 1.520 2.231 
C-rich, T=0 1.690 1.998 2.720 1.181 1.892 
N-rich, T=298K 1.292 1.272 2.568 1.029 1.740 
C-rich, T=298K 1.292 1.997 2.023 0.484 1.195 
 
The calculated formation energies are listed in Table 1. Although Eform are found to 
depend on the doping condition, the overall result is that all considered doping scenarios are 
thermodynamically unfavorable (all numbers in the table are positive). The substitution of the 
edge N, next to the triangle hollow, is the least unfavorable. It is worth mentioning that the 
results have been obtained for the highest possible chemical potentials for N and C, which 
provide the lowest possible formation energies for substitution of N or C by sulfur. Our results 
thus suggest that the doped system is in a local energy minimum and the formation energies 
reflect the probability to meet the system at a given configuration in infinite time (if it is in 
equilibrium with a reservoir that defines the chemical potential of N or C). In this case, kinetics, 
in particular, the energy barriers to overcome in order to achieve a given configuration become 
critical factors determining actual result of doping. In this work we study two types of doping: 1) 
substitution of N or C with S; 2) adsorption of S to the edge of the tri-s-triazine sub-units of the 
crystal, which can be considered as an interstitial doping. It is important to note that there is a 
significant difference in kinetics of the substitution and adsorption. Indeed, if, for example, C3N4 
is doped with S by heating it in SH2 atmosphere [15], the S-adsorption doping may proceed 
through the following steps: a) adsorption of SH2 on the active N-site, b) dissociation of the SH2 
molecule and binding S to the N2 and N3 sites , c) formation of the H2 in gas phase. In this path 
only step (b) may have a substantial activation energy barrier. The substitution, in addition to 
these steps, includes: d) removal of N (or C) atom from the C3N4 lattice, e) diffusion of S atom to 
the N (C) vacancy, f) diffusion of N atoms to form N2 (or C atoms to form bulk precipitations). 
All this steps require overcoming energy barriers and the step (d), according to our calculations 
has a huge activation barrier (8.41eV) and, therefore, negligible rate. One thus can see that even 
though substitution of N2 with S is thermodynamically more favorable than addition of S to the 
N2 and N3 sites, the latter is much more favorable in terms of kinetics and more likely to be 
achieved in the course of doping. Furthermore, S adsorbed on the N2 and N3 sites has quite high 
binding energy (1.001 eV) that makes this local energy minimum configuration sufficiently 
 stable. In
thus mos
S ↔ N2 
 T
doped g-
in-plane 
The figur
large size
1.42 Å N
redistribu
of the C 
reflects a
 
Fig. 3. 
sulfur. T
plane cu
correspo
regions 
shown i
Fig. 4.
the pl
shown 
colors 
negativ
 our further 
tly focus on
substitution 
o understan
C3N4, we h
cuts of ρ(r) 
e also show
 of the S at
 – C bon
tion in the v
– N bonds. 
 charge tran
Left panel: I
he uniform 
t of δρ(r) (s
nd to the po
with δρ(r) >
f Fig. 4. 
 The cuts of
anes whose
in Fig. 3. 
correspond t
e values, resp
consideratio
 the case of
on the band
d character o
ave calculat
and δρ(r) a
s the prefer
om leads to
d lengths). 
icinity of th
The blue sp
sfer from S p
n-plane cut o
deep red spo
ee Eq. 1) cal
sitive and neg
 0.03 e/Å3. T
 δρ(r) made 
 projection
The red and
o the positiv
ectively.  
n of the S d
 the S-adsor
 gap of C3N
f chemical 
ed the valen
re plotted in
red position
 the elonga
It is also s
e S – N bo
ots around 
x- and py-st
som
– 
pre
S 
cha
sta
yz 
and
sha
tha
inc
f the valenc
ts correspond
culated for g
ative values
he sort blue
along 
s are 
 blue 
e and 
7 
oping effec
ption dopin
4.  
bonding bet
ce charge d
 Fig. 3.  
 of S in the
ted S – N b
een in the 
nds is signif
S correspon
ates to the s
e accumul
S bonds (re
sent sugges
– N bondi
rge density
tes of the at
planes that 
 N neighbo
pe of pz-or
t occupatio
reased upon
e charge den
 to the regio
-C3N4 doped
, respectively
 lines mark 
ts on the ele
g, though w
ween sulfur
ensity of th
 structure. O
onds (1.75 Å
figure that 
icantly diffe
d to the ele
ystem upon 
ations of el
d spots loc
ting comple
ng. These 
 redistribut
oms. Fig. 4
reflect redis
ring to it. O
bitals center
n of the p
 bond forma
sity calculat
ns with ρ > 
 with sulfur
.  The unifor
projection o
ctronic stru
e also study
 and nitroge
e system. T
ne can see
 as compa
the valence
rent from th
ctronic char
bond forma
ectronic den
ated closer
x ionic-cova
in-plane cu
ion within 
 shows the 
tribution of 
ne can see r
ed on these
z-states of 
tion.  
ed for g-C3N
0.3 e/Å3. Ri
. The red an
m deep red s
f planes for 
cture of C3N
 the effect o
n atoms in 
wo-dimens
 that a relat
red to the 1
 charge de
at in the re
ge depletion
tion. Meanw
sity along t
 to N) are
lent charact
ts illustrate
the px- an
δρ(r) cuts a
the pz-states
ed motifs w
 atoms sho
these atom
4 doped with
ght panel: In
d blue collor
pots mark th
the δρ(r) cut
4 we 
f the 
the S 
ional 
 
ively 
.32 – 
nsity 
gions 
 that 
hile, 
he N 
 also 
er of 
 the 
d py-
long 
 of S 
ith a 
wing 
s is 
 
-
s 
e 
s 
  
C. D
 T
electroni
worth me
distance 
because 
a dramati
1 eV upo
S doped 
also that 
shifted to
structure 
Interestin
is found 
has a sim
occupied
the groun
for this c
T
photocata
Indeed, e
electrons
Fig. 
state
(blue
adso
using
oping effec
o reveal a do
c states for b
ntioning tha
by 5.4% pr
in these mat
c change in
n the dopin
g-C3N4 bec
the band gap
 the condu
modificatio
gly, a differ
to be much 
ple explana
 states. This
d states are
ase.      
hese are v
lytic proper
lectronegati
 brought wi
5. Total d
s calculated 
 line) and 
rbed to N2 an
 the GW me
t on the ban
ping effect 
oth un-dop
t changes in
actically do
erials there 
 TDOS caus
g. Furtherm
omes a con
 is narrowi
cting band. 
n upon the 
ence betwee
smaller for t
tion. Indeed
 means that
 reproduced
ery import
ties of g-C3
vity of S is l
th S are do
ensities of e
for pristine
g-C3N4 wi
d N3 atoms 
thod.  
d gap of g-
on the g-C3
ed and S-ad
 stacking c
 not affect 
is no notice
ed by the S 
ore, the Ferm
ductor. It is
ng upon the
DFT calcul
doping as G
n the band 
he doped sy
, in the S-d
 only groun
 within DFT
ant finding
N4. On the 
ower than th
nated to the
lectronic 
 g-C3N4 
th sulfur 
(red line) 
8 
C3N4 
N4 band gap
sorption do
onfiguration
the densitie
able inter-p
and their e
by in-plane 
A p
stats (TDOS
the gap, is 
band gap w
that is in 
important t
already bee
structure of
Our results 
Ref. 28 obta
width equa
the electron
expected, 
underestima
What may c
doping. One
i-level is l
 worth men
doping (fro
ations thus
W calculat
gap widths o
stem than fo
oped C3N4
d states are 
 well, the D
s, because
other hand, 
at of N and
 system to 
, first we ha
ped systems
, as well as 
s of states.
lane overlap
lectronic str
hybridizatio
art of the 
), plotted f
shown in Fi
idth for g-
agreement 
o mention 
n applied 
 various po
are also in a
ined for the
l to 2.88 eV
ic structure
these calc
ted band g
all a partic
 can see tha
ocated abov
tioning that
m 1 eV to 0
show the s
ions, thoug
btained fro
r the undop
the gap is 
involved in
FT and GW
 they may
the obtained
 one should
occupy a p
ve calculate
 using the G
the increase
 This is an
ping of the
ucture is to
n of wave f
total densit
or energies 
g. 5. We fin
C3N4 to be 
with exper
that the G
to calculat
ssible phas
greement w
 g-C3N4 pha
). We hav
 of C3N4 
ulations re
ap width (o
ular attentio
t the gap na
e the gap su
 our DFT c
.7 eV) and t
ame trends 
h the numb
m GW and D
ed one. On 
found to be 
 formation 
 redults do
 have cri
 changes ar
 expect that 
art of condu
d the densiti
W method
 in the inter
 expected r
 electronic s
tally determ
unctions.     
ies of elect
in the vicini
d the calcu
equal to 2.
iment [6].
W methos
e the elect
es of C3N4
ith the resu
se (the band
e also calcu
within DFT
sult in h
nly about 1
n in the figu
rrows down
ggesting tha
alculations
he Fermi-le
in the elect
ers are diffe
FT calcula
the other ha
located bet
of the gap. S
 not differ m
tical effect
e not surpri
the extra va
ction band
es of 
. It is 
layer 
esult, 
tates 
ined 
 
ronic 
ty of 
lated 
7 eV 
It is 
 has 
ronic 
.[28]. 
lts of 
 gap 
lated 
. As 
ighly 
 eV). 
re is 
 to ~ 
t the 
show 
vel is 
ronic 
rent. 
tions 
nd, it 
ween 
ince 
uch 
s on 
sing.  
lence 
. Our 
 outcome 
S pz- and
results in
sub-band
the syste
in the up
states me
narrowin
2 in pane
in this re
A
achieved
configura
configura
Fig. 
calcul
metho
py-stat
line) a
states 
 
has been ob
 N3 pz-stat
 a smaller 
s (see panel
m. We also 
per part of 
rge with th
g of the gap
l c of Fig. 6
gion.    
lthough our
 in the cours
tion, namel
tion within 
6. Projected
ated for the S
d. Panel a: N
es (red line)
nd S pz-stat
(green line) a
tained for th
es determin
energetic se
 b in Fig. 6
find that the
the band ga
e conductio
 is caused by
) just above 
 analysis su
e of doping
y for the lea
the GW met
 local den
 doped g-C3N
3 py-states (
. Panel b: N
es (red line).
nd C2 py-stat
e px-states 
es their we
paration be
). Conseque
 S doping l
p (a double 
n band, wh
 formation 
the valence 
ggests that
, we also ca
st unfavora
hod is plott
sities of st
4 using the 
blue line) an
3 pz-states (
 Panel c: C1
es (black line
9 
findi
abso
Fig. 
ener
of t
whic
a con
the d
struc
we 
local
in th
N3 a
atom
6. D
py-st
signi
band
figur
contr
thus 
large
occu
its p
(not shown 
aker overlap
tween the c
ntly, it caus
eads to form
peak 1 in p
ich makes t
of a small p
band. Some
 S adsorpti
lculate the e
ble substitut
ed for energ
ates 
GW 
d S 
blue 
 pz-
). 
ng is also 
rption meas
2 of Ref. 
gy tails in th
he sulfur c
h may corre
ducting pha
To under
ramatic mo
ture of g-C
calculated a
 densities o
e unit cell. 
tom neighb
s neighbori
ue to their 
ates conside
ficant energ
s (see plot
e). These w
ibute to TD
do not aff
r fraction 
pied, reflec
y-electrons 
here). In con
ping (and 
orrespondin
es a reducti
ation of oc
anel c of Fi
his material
eak of the p
 nitrogen ato
on to N2 a
lectronic str
ion: S ↔ N
ies in the vic
in agreem
urements [
[15], one c
e optical ab
ontaining g
spond to a 
se.       
stand the fa
dification 
3N4 caused 
nd analyze
f states (LD
Some proje
oring to S,
ng to N3 ar
symmetry, t
rably overl
etic splittin
s in the up
idely separa
OS within t
ect its wid
of the S 
ting the fac
to the sy
trast, the π-
hence hybri
g bonding a
on of the ba
cupied carb
g. 6). It is c
 a conducto
y-states of th
ms also con
nd N3 is m
ucture for t
2. TDOS, c
inity of the
ent with op
15]. Namel
an see long
sorption sp
-C3N4 sam
small fracti
ctors contro
of the elect
by the S do
d the proj
OS) for all a
cted LDOS 
 and C1 an
e plotted in
he S py- an
ap that cau
g of the resu
per panel o
ted bands d
he band gap
th. Note th
py-states is
t that S do
stem. A si
symmetry o
dization), w
nd anti-bon
nd gap wid
on (C1) pz-s
ritical that 
r. An addit
e C2 atom (
tribute to T
ost likely t
he other pos
alculated fo
 gap in Fig. 
tical 
y, in 
 low 
ectra 
ples, 
on of 
lling 
ronic 
ping, 
ected 
toms 
of S, 
d C2 
 Fig. 
d N3 
ses a 
lting 
f the 
o not 
 and 
at a 
 not 
nates 
milar 
f the 
hich 
ding 
th of 
tates 
these 
ional 
peak 
DOS 
o be 
sible 
r this 
7.   
 anode, w
modifica
evolution
 
IV
F
that dope
different 
combined
not favor
triazine u
suggest t
donation 
calculatio
the electr
gap and s
assume t
distribute
doped in
catalytic 
 
Acknowl
energies 
Fig
ca
g-C
ato
hile the dop
tion of g-C
 rate.  
. CONC
irst principle
d with sulfu
stacking re
 thermodyn
able. The S
nits. The v
hat S donate
to the S p
ns is in agr
onic structu
hift of the F
hat, in the 
d over the 
clusions col
activity of th
edgement 
of g-C3N4.  
. 7.  Total 
lculated for p
3N4 with s
m (red line) 
ed conduct
3N4 would 
LUSIONS
 calculation
r have been
vealed the m
amics and k
 atoms rath
alence cha
s electronic
z-states als
eement with
re of g-C3N
ermi-level 
samples stu
material. Th
lect excited 
e material i
We thank 
 
densities of 
ristine g-C3N
ulfur S sub
using the GW
ing inclusion
improve c
 
s of the elec
 carried out
ost favora
inetics anal
er prefer to 
rge densitie
 charge from
o takes pla
 experiment
4. It leads, 
to the condu
died exper
en, un-dop
electrons. A
s increased.
Zachary W
electronic st
4 (blue line)
stituting the 
 method.    
10 
su
na
le
to
m
tr
ph
au
en
g-
ex
as
di
R
fr
s serve as 
harge separ
tronic and g
. The DFT t
ble structure
ysis we foun
adsorb to r
s obtained 
 its px- and
ce. The ba
. We find th
in particular
ction band 
imentally in
ed fractions
s a result, c
  
illiams for 
ates 
 and 
N2 
As 
bstitution o
rrowing of 
vel to the co
 Our r
 the conc
akes g-C3
ansformatio
otocatalyst
thors of 
hancement 
C3N4 upon
plain this 
sumption t
stributed o
ef. [14,15].
actions of th
co-catalysts
ation and 
eometric str
otal energie
s of this la
d that subst
eactive N si
for both d
 py-state to 
nd gap wid
e S doping 
, to a signif
that makes t
 Ref. [14,1
 of g-C3N4
harge separa
help with 
seen from
f N2 with
the gap and
nduction ba
esults have
lusion that
N4 a co
n is very u
. On the 
Ref. [14,
of photocat
 the S d
“discrepanc
hat sulfur i
ver the g-C
 In this cas
e material 
 collecting e
thus enhanc
ucture of gr
s calculated
yered cryst
itutions of C
tes at the e
oped and u
the system, 
th obtained
to cause dra
icant narrow
he material 
5], sulfur i
work as ph
tion is prom
calculations
 the fi
 S also c
 shifts the F
nd.  
 thus broug
 sulfur do
nductor. 
nfavorable 
other hand
15] report
alytic activi
oping. We
y” based on
s not unifo
3N4 studie
e, the un-d
work as a p
lectrons. Su
e the hydr
aphitic C3N
 for g-C3N4
al. Based o
 or N with 
dges of the 
n-doped g-
while some 
 from our 
matic chang
ing of the 
a conductor
s non-unifo
oto-anode, w
oted and p
 of the sta
gure, 
auses 
ermi-
ht us 
ping 
Such 
for a 
, the 
 an 
ty of 
 can 
 the 
rmly 
d in 
oped 
hoto-
ch a 
ogen 
4 and 
 with 
n the 
S are 
tri-s-
C3N4 
back 
GW 
es in 
band 
. We 
rmly 
hile 
hoto-
king 
11 
 
References 
1. A. Fujishima and K. Honda, Nature 238, 37-38 (1972).  
2. A. Kudo and Y. Miseki, Chem. Soc. Rev. 38, 253 (2009).  
3. K. Maeda and K. Domen, J. Phys. Chem. Lett. 1, 2655 (2010).     
4. R. M. Navarro, M. C. Alvarez-Galván, J. A. Villoria de la Mano, S. M. Al-Zahrani, and J. L. G. 
Fierro, Energy Environ. Sci. 3, 1865 (2010). 
5. F. E. Osterloh and B. A. Parkinson, MRS Bulletin, 36, 17 (2011). 
6. X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J. M. Carlsson, K. Domen, and M. 
Antonietti, Nature Mat.  8, 76 (2009).  
7. A. Thomas, A. Fischer, F. Goettmann, M. Antonietti, J.-O. Muller, R. Schloglb, and J. M. 
Carlsson, J. Mater. Chem. 18, 4893 (2008). 
8. K. Maeda, X. Wang, Y. Nishihara, D. Lu, M. Antonietti, and K. Domen, J. Phys. Chem. C, 113, 
4940 (2009). 
9. M. Yali, S. Ju, C.Dan, and X. Gang, Rare Metals 30, 276 (2011).  
10.  Y. Zheng, J. Liu, J. Liang, M. Jaroniec, and S. Z. Qiao, Energy Environ. Sci., 5, 6717 (2012).  
11. S. C. Yan, Z. S. Li, and Z. G. Zou, Langmuir 26, 3894 (2010). 
12. Y. Zhang, T. Mori, J. Ye, and M. Antonietti, J. Am. Chem. Soc. 132, 6294 (2010).  
13. B. Yue, Q. Li, H. Iwai, T. Kako, and J. Ye, Sci. Technol. Adv. Mater. 12, 034401 (2011).  
14. G. Liu, P. Niu, C. Sun, S. C. Smith, Z. Chen, G. Qing (Max) Lu, and H.-M. Cheng, J. Am. Chem. 
Soc. 132, 11642 (2009). 
15. J. Zhang, J. Sun, K. Maeda, K. Domen, P., M. Antonietti, X. Fu, and X. Wang, Energy Environ. 
Sci., 4, 675 (2011). 
16. P. Hohenberg, W. Kohn, Phys. Rev. 136, B864 (1964). 
17.  W. Kohn, L. J. Sham, Phys. Rev. 140, A1133 (1965).  
18. G. Kresse and J. Furthmüller, Comput. Mat. Sci. 6, 15 (1996).  
19. G. Kresse, and J. Joubert, Phys. Rev. B 59, 1758 (1999).  
20. M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. Joannopoulos, Rev. Mod. Phys. 64, 
1045 (1992).  
21. J. P. Perdew, S. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).  
22. S. Grimme, J. Comp. Chem. 27, 1787 (2006).  
23. L. Hedin, Phys. Rev. 139, A796 (1965). 
24. M. Shishkin and G. Kresse, Phys. Rev. B 74, 035101 (2006).  
25. M. Shishkin and G. Kresse, Phys. Rev. B 75, 235102 (2007).  
26. A. Kokalj, Comp. Mater. Sci., 28, 155 (2003).   
27. Cox, J. D., Wagman, D. D., and Medvedev, V. A., CODATA Key Values for Thermodynamics, 
Hemisphere Publishing Corp., New York, 1989. 
28. Xu Y, Gao S-P, Int. J. Hydrogen Energy 37 11072 (2012). 
 
 
 
 
 
